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Translocations involving human immunoglobulin heavy chain (IGH) locus are implicated in different
leukaemias and lymphomas, including multiple myeloma, mantle cell lymphoma, Burkitt’s lymphoma and
diffuse large B cell lymphoma. We have analysed published data and identified eleven breakpoint cluster regions
(bcr) related to these cancers within the IgH locus. These ~1 kbp bcrs are specific for one or several types of
blood cancer. Our findings could help devise PCR-based assays to detect cancer-related translocations, to
identify the mechanisms of translocations and to help in the research of potential translocation partners of the
immunoglobulin locus at different stages of B-cell differentiation.
Keywords: translocation, human immunoglobulin heavy chain, oncogenesis, lymphoma, leukaemia, B-cell
differentiation.
Introduction. One hundred years ago German cytolo-
gist Theodor Boveri proposed that translocations may
give rise to cancer [1]. Translocations are the transfer of
a piece of one chromosome to a non-homologous chro-
mosome or to a new site on the same chromosome. In-
deed, translocations are associated with many cancers,
including sarcomas, lymphomas, leukaemias etc. [2].
These translocations involve specific loci and genes.
Translocations may place genes in new linkage relation-
ships, produce chimeric genes and could generate chro-
mosomes without normal pairs [3]. Human immuno-
globulin heavy chain locus is one of the most frequent
partners in translocations leading to leukaemias and
lymphomas. Here we shall consider translocations in-
volving this locus, its potential partners and mecha-
nisms leading to translocations and lymphomagenesis.
Mechanisms of translocations. Translocations re-
sult from erroneous double-strand breaks (DSB) repair
in DNA [4]. The DSBs appear in physiological and pa-
thological processes and under the influence of exter-
nal conditions such as oxidative stress and ionizing ra-
diation (for review see [5]). DSBs also occur in immu-
noglobulin genes during lymphoid cell maturation [6].
The appearance of DSBs activates the cellular DNA
repair machinery that catalyses the joining of broken
chromosome ends [7] that can occur either by homolo-
gous recombination (HR) or by non-homologous end
joining (NHEJ). NHEJ joins the ends of the broken chro-
mosome; this repair mechanism is error-prone and can
result in variety of rearrangements: deletions, duplica-
tions, and inversions. Furthermore, translocations may
occur when the broken ends of two non-homologous
chromosomes are joined together.
Chromosomal translocations may result in tree pos-
sible scenarios: (1) deregulation of important genes, and
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particularly proto-oncogenes and tumour suppressor
genes crucial for regulation of most cellular processes
[8–10]. This happens either by juxtaposition of onco-
genes to a transcription control element of another gene
on a different chromosome, thereby leading to an abnor-
mal expression of the translocated gene or by relocali-
zation of the translocated region in the nuclear space
[11, 12]; (2) the translocation may result in the for-
mation of a unique fusion gene, which in turn codes for
an activated form of the protein that affects the normal
cellular physiology; (3) some translocations, particular-
ly non-reciprocal ones, may lead to changes in gene do-
sage, i. e. loss of tumour suppressor genes or duplica-
tion of oncogenes.
Translocations in lymphomas and leukaemias.
Vast majority of lymphomas and leukaemias are cau-
sed by translocations. The elevated frequency of trans-
locations in this case is due to high amount of DSBs at
immunoglobulin genes generated by RAG1/2 during
V(D)J recombination, T-cell receptor (TCR) gene re-
arrangement and activation-induced (DNA-cytosine)
deaminase (AID) during somatic hypermutation and
class switch recombination essential for creation of anti-
gen repertory [6].
V(D)J recombination is a physiological process du-
ring which variable (V), diversity (D) and joining (J)
segments of immunoglobulin (Ig) or T-cell receptor
(TCR) genes are rearranged and lead to great diversity
of the Ig/TCR repertoire. This process is mediated by
lymphocyte-specific endonucleases (RAG1, RAG2)
which cut the regional V(D)J genes at flanking recom-
bination signal sequences (RSS) consisting of specific
highly conserved heptamer and nonamer sequences
with a non-conserved spacer (12 or 23 nucleotides) in-
between [13, 14]. Subsequently, the coding segments
are joined using the classical non-homologous end-joi-
ning (NHEJ) pathway. Translocations during V(D)J-
recombination may lead to different cancers, e. g. mul-
tiple myeloma, mantle cell lymphoma, or childhood
acute lymphoblastic leukemia (see below).
Somatic hypermutation and class switch recombi-
nation in the Immunoglobulin heavy chain locus (IgH)
also play a key role in generating antibody diversity.
Activation-induced (DNA-cytosine) deaminase [13,
15, 16] participates in both processes. AID deaminates
the cytosines present in single-stranded regions (during
transcription or formation of R-loops) into uracil, which
results in a mismatch. This can be further processed by
uracil N-glycosylase/AP endonuclease, finally leading
to either a mutation or a DSB [14, 17–20]. The DSB ge-
nerated is an intermediate for class switching and, there-
fore, if unrepaired, can be a suitable candidate for illegi-
timate joining. This is supported by recent studies, whe-
re it was demonstrated that the breaks in the c-myc gene
locus during t(8;14) translocation, characteristic of Bur-
kitt’s lymphoma, are induced by AID 10 [21–24]. The
c-myc region has also been suggested to form G-loop
structures on plasmid DNA, which can be bound by
AID [25].
Translocations in the human immunoglobulin
heavy chain locus. Active recombination occurring at
the IgH and TCR loci makes them ideal partners for
translocations; indeed, many cancers are linked to trans-
location in these loci (for review see [3]). In the present
review we shall concentrate on translocations invol-
ving the IgH located in the subtelomeric region of the
14q chromosome at 14q32.33. The IgH spans 1250 ki-
lobases (kb). It consists of 4 parts: V (variable), D (di-
versity), J (joining), and C (constant). Each part con-
tains a significant amount of genes, 129 IGHV genes,
27 IGHD segments belonging to 7 subgroups, 9 IGHJ
segments, and 11 IGHC genes [21]. These genes are
the subjects to V(D)J-recombination in bone marrow,
and class-switch recombination in germinal centers.
Translocations in the IgH locus during the B-cell
differentiation could involve different parts of the locus
and lead to a different type of cancers. Below we shall
concentrate on the translocation hotspots also called
breakpoint cluster regions (bcrs) within the IgH region.
Translocations in the IgH locus have been extensively
characterized [26–52]; reviewed in [36, 52, 53], but so
far, no comprehensive analysis of the localization of
bcrs in this locus has been done.
Breakpoint and translocation clusters were identi-
fied in several lymphomas; their average size is ~1 kbp
[54]. We have identified bcrs involved in translocations
with different partners leading to lymphoid malignan-
cies. We have analysed published data to identify the
breakpoint regions in cancers with translocations invol-
ving the IgH locus (Mantle cell lymphoma, Burkitt’s
lymphoma, diffuse large B-cell lymphoma, and multip-
le myeloma). We have found 195 individual transloca-
tion breakpoint sequences in the IgH locus. These were
grouped into bcrs, with the condition that one ~1 kbp
bcr should include no less than 3 individual transloca-
tion events. We could identify eleven bcrs. These data
are summarized in Table and Figure.
Mantle cell lymphoma (MCL) is caused by a t(11:
14) involving IgH and CCND1 loci [54]). The trans-
location is thought to occur during V(D)J recombina-
tion [55]. Indeed, most MCL-related breakpoints are
located in the JH region. They are concentrated in two
bcrs (bcr2 and bcr3) in JH regions 2–4 and 4–6 [28, 36,
46, 49, 50, 54, 55]. An additional bcr (bcr1) is located
in the D region, what is not very characteristic of MCL
[49].
IgH/c-myc translocations (t(8:14)) lead to Burkitt’s
lymphoma (BL) [42, 43]. These translocations occur
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Breakpoint
cluster region
Type of cancer Number of cases IgH region bcr size, bp
Coordinates on
IgH map (ref)
bcr1 Mantle cell lymphoma 3 IGHD5-18 978 929160–930137
bcr2 Mantle cell lymphoma, 18 IGH J4-J5-J6 1060 959075–960135
Burkitt’s lymphoma 5
bcr3 Mantle cell lymphoma 3 IGH J2-J3-J4 1184 957695–958878
bcr4 Mantle cell lymphoma, 6 IGHM 995 962031–963025
Burkitt’s lymphoma 7
bcr5 Mantle cell lymphoma, 3 IGHM 1083 963016–964099
Burkitt’s lymphoma 10
bcr6 Mantle cell lymphoma, 2 IGHM 1340 964148–965487
Burkitt’s lymphoma 5
bcr7 Diffuse large B-cell lymphoma, 2 IGHG3 731 1049447–1050177
Multiple myeloma, 2
Burkitt’s lymphoma 4
bcr8 Multiple myeloma, 5 IGHG1 1087 1077375–1078461
Burkitt’s lymphoma 10
bcr9 Burkitt’s lymphoma 17 IGHA1 1278 1111692–1112969
bcr10 Multiple myeloma, 8 IGHA1 463
Burkitt’s lymphoma 4 1113339–1113809
bcr11 Burkitt`s lymphoma 4 IGHE 416 1232681–1233096
Breakpoint cluster regions in the human immunoglobulin heavy chain gene locus
900 kb to J seque nc es D 1- 27V 1- 129
 1
J 1-9
 3µ  421  2
Telomere
~ 42 kbp
Bcr1
~ 6 kbp
Bcr3
Bcr2
~ 4,2 kbp
Bcr4,bc r5,bcr6
~ 1,6 kbp
~ 5,5 kbp
Bcr7
Bcr8
~ 1,5 kbp
Bcr9, bcr10 Bcr11
~ 1,8 kbp
Breakpoint cluster regions in the human immunoglobulin heavy chain gene locus
during somatic hypermutation (SH) [56] or class switch
recombination (CSR) [44]. Bcrs for BL thus occur
mostly in JH regions [40] and the constant region of the
IgH locus, precisely in µ, 3,1, 1 and genes [40, 43].
The WHSC1 (Wolf-Hirschhorn syndrome) gene lo-
cated on chromosome 4 is the main IgH translocation
partner in multiple myeloma. This translocation occurs
during CSR [34, 57]. Logically, breakpoint regions for
multiple myeloma (bcrs4–8, 10) are localized in the
constant region [34, 57].
Diffuse large B-cell lymphoma (DLBCL) is linked
to translocations with CCND3 and CCND4 genes on
chromosome 3 [40]). In general, this translocation oc-
curs during CSR [58] and somatic hypermutation [59].
The bcr for DLBCL (bcr7) is localized in the 2 gene
(constant region).
Interestingly, several bcrs (bcr2, 4, 5–7, 10) are not
specific for one type of cancer. These bcrs are located
in the regions that are the subjects to V(D)J recombina-
tion (bcr2), CSR (bcr4–8; 10) and SH (bcr2, 4–8, 10).
This suggests that these bcrs in the IgH locus are in
contact with several different potential translocation
partners at the same time. Whether it happens in all
B-cells, or there are subsets or individual B-cells where
IgH bcrs contact specific partners is not yet known.
This question might be answered by using a circular
chromosome conformation capture (4C) technique [29]
on individual cells and cell populations. The BCRs
identified in the present review may serve as conveni-
ent baites for this technique. Further studies will be ne-
cessary to answer the posed questions.
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Òðàíñëîêàö³¿, îáóìîâëåí³ ëîêóñîì âàæêîãî ëàíöþãà ãåíà
³ìóíîãëîáóë³íó ëþäèíè
². Â. Ñêëÿð, Î. Â. ßðîâà, Ì. Ë³ïèíñüêèé, ª. Ñ. Âàñåöüêèé
Ðåçþìå
Òðàíñëîêàö³¿ çà ó÷àñò³ ëîêóñà âàæêîãî ëàíöþãà ãåíà ³ìóíîãëî-
áóë³í³â â³ä³ãðàþòü ïåâíó ðîëü â îíêîãåíåç³ áàãàòüîõ ë³ìôîì ³ ëåé-
êåì³é, ñåðåä ÿêèõ ìíîæèííà ì³ºëîìà, ë³ìôîìà ìàíò³éíî¿ çîíè,
ë³ìôîìà Áåðê³òòà òà äèôóçíà Â-êë³òèííà ë³ìôîìà. Íà îñíîâ³
àíàë³çó îïóáë³êîâàíèõ äàíèõ ìè âèä³ëèëè 11 îáëàñòåé, ó ÿêèõ â³äáó-
âàþòüñÿ òðàíñëîêàö³¿, ùî ïðèçâîäÿòü äî âèùåçãàäàíèõ ë³ìôîì ³
ëåéêåì³é. Êîæíà ç òàêèõ îáëàñòåé (ðîçì³ðîì ïðèáëèçíî 1000 ïàð
íóêëåîòèä³â) ìîæå áðàòè ó÷àñòü ó òðàíñëîêàö³ÿõ, ÿê³ ñïðè÷èíÿ-
þòü îäèí àáî äåê³ëüêà òèï³â ðàêó. Îòðèìàí³ ðåçóëüòàòè ìîæíà
âèêîðèñòîâóâàòè ïðè ðîçðîáö³ ä³àãíîñòèêè òðàíñëîêàö³é, ÿê³ âè-
êëèêàþòü ðàê êðîâ³, à òàêîæ ïðè ³äåíòèô³êàö³¿ ïîòåíö³éíèõ
òðàíñëîêàö³éíèõ ïàðòíåð³â ëîêóñà âàæêîãî ëàíöþãà ãåíà ³ìóíî-
ãëîáóë³í³â íà ð³çíèõ ñòàä³ÿõ äèôåðåíö³þâàííÿ Â-ë³ìôîöèò³â.
Êëþ÷îâ³ ñëîâà: òðàíñëîêàö³¿, âàæêèé ëàíöþã ³ìóíîãëîáóë³íó
ëþäèíè, îíêîãåíåç, ë³ìôîìà, ëåéêåì³ÿ, äèôåðåíö³þâàííÿ Â-êë³òèí.
Òðàíñëîêàöèè, îáóñëîâëåííûå ëîêóñîì òÿæåëîé öåïè ãåíà
èììóíîãëîáóëèíà ÷åëîâåêà
È. Â. Ñêëÿð, Î. Â. ßðîâàÿ, Ì. Ëèïèíñêèé, Å. Ñ. Âàñåöêèé
Ðåçþìå
Òðàíñëîêàöèè ñ ó÷àñòèåì ëîêóñà òÿæåëîé öåïè ãåíà èììóíîãëî-
áóëèíîâ èãðàþò îïðåäåëåííóþ ðîëü â îíêîãåíåçå ìíîãèõ ëèìôîì è
ëåéêåìèé, âêëþ÷àÿ ìíîæåñòâåííóþ ìèåëîìó, ëèìôîìó ìàíòèé-
íîé çîíû, ëèìôîìó Áåðêèòòà è äèôôóçíóþ Â-êëåòî÷íóþ ëèìôî-
ìó. Íà îñíîâå àíàëèçà îïóáëèêîâàííûõ äàííûõ ìû âûäåëèëè 11 îá-
ëàñòåé, â êîòîðûõ ïðîèñõîäÿò òðàíñëîêàöèè, ïðèâîäÿùèå ê âû-
øåóïîìÿíóòûì ëèìôîìàì è ëåéêåìèÿì. Êàæäàÿ èç òàêèõ îáëà-
ñòåé (ðàçìåðîì ïðèìåðíî 1000 ïàð íóêëåîòèäîâ) ìîæåò ó÷àñò-
âîâàòü â òðàíñëîêàöèÿõ, ÿâëÿþùèõñÿ ïðè÷èíîé îäíîãî èëè íå-
ñêîëüêèõ òèïîâ ðàêà. Ïîëó÷åííûå ðåçóëüòàòû ìîæíî èñïîëüçî-
âàòü ïðè ðàçðàáîòêå äèàãíîñòèêè òðàíñëîêàöèé, âûçûâàþùèõ
ðàê êðîâè, à òàêæå ïðè èäåíòèôèêàöèè ïîòåíöèàëüíûõ òðàíñëî-
êàöèîííûõ ïàðòíåðîâ ëîêóñà òÿæåëîé öåïè ãåíà èììóíîãëîáóëè-
íîâ íà ðàçíûõ ñòàäèÿõ äèôôåðåíöèðîâêè Â-ëèìôîöèòîâ.
Êëþ÷åâûå ñëîâà: òðàíñëîêàöèè, òÿæåëàÿ öåïü èììóíîãëî-
áóëèíà ÷åëîâåêà, îíêîãåíåç, ëèìôîìà, ëåéêåìèÿ, äèôôåðåíöè-
ðîâêà Â-êëåòîê.
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